The authors studied the pial and dural blood supplies in 74 intracranial meningiomas and quantified their associated peritumoral brain edema (PTBE). The extent and localization of pial blush in relation to the total tumor volume were determined angiographically. The amount of edema and tumor size were calculated using computerized tomography. The edema-tumor volume ratio was defined as Edema Index (EI). There were 49 meningiomas with PTBE; of those tumors, 46 were supplied by pial vessels, and three were supplied exclusively by dural vessels. Tumors without PTBE showed no pial blush. The mean EI in meningiomas with pial blush was significantly larger (EI = 3.0) than in meningiomas without pial supply (EI = 1.1; p < 0.0001). Meningiomas in which 10% of the whole tumor volume was supplied by pial vessels had only a small mean EI of 2.2, whereas tumors with pial blood supply greater than or equal to 20% had a mean EI of 3.3 (p < 0.026). In 69.9% of cases with pial blood supply, major portions of the edema were located adjacent to the tumor region supplied by pial vessels. Edema index differences among tumors of different subgroups, as defined by size or histology, were significantly related to the pial supply in each subset. Thus, pial blood supply may be causative for the development of PTBE in meningiomas.
We investigated the relationship among arterial blood supply, the influences of tumor size and histology, and PTBE in 74 intracranial meningiomas.
CLINICAL MATERIAL AND METHODS

Patient Selection
Between 1986 and 1995, 74 patients were examined (24 men, 50 women; age range 30-78 years, mean 56.9 years) harboring 74 primary intracranial meningiomas at different locations (Table 1) . Computerized tomography (CT) and angiography studies were obtained in all cases. All patients underwent microsurgical removal of their tumor at our facility. Surgically resected meningiomas were classified histopathologically based on the criteria of the new World Health Organization (WHO) classification of tumors of the central nervous system. [16, 17, 19, 20] Fifty-seven tumors were graded as typical meningiomas (Grade I), five as atypical (Grade II), and 12 as anaplastic meningiomas (Grade III).
Cerebral angiography was performed using either the manual subtraction conventional technique or using the digital subtraction technique. Selective angiography of the common carotid artery, the internal and external carotid arteries, and the vertebral artery was performed. The angiograms provided a safe and accurate differentiation between pial and dural blood supply. Definitive differentiation was possible when superimposition overlap of pial and dural supply was not detectable on vertebral or internal carotid angiograms. Superimposition of vessels was frequently observed on internal carotid artery injections of frontobasal meningiomas. These cases were excluded from the study. Contrast-or noncontrast-enhanced CT scans were acquired in all patients.
Evaluation of Angiography and Computerized Tomography
The ratio of pial blush to tumor volume was approximated by evaluating the area of pial blush in anteroposterior and lateral angiograms. The extent of pial supply was rated on a 100-point scale, in which 0 was no pial blush and 100 was exclusively pial supply. Measurements were obtained in 10-point increments. Fig. 1 . Graph displaying the spatial relation between pial tumor blush and location of edema in the region of the meningioma. Left: 0 = edema present but distant from pial blush; 1= some edema adjacent to pial blush, but most of edema being far from pial blush; 2 = edema surrounding the tumor in a regular fashion; 3 = maximum amount of edema adjacent to pial blush; 4 = edema only adjacent to pial blush. Right: Incidence of meningiomas in Groups 0 to 4. n.d. = not definable.
The three-dimensional localization of the pial blush in relation to the tumor surface was obtained from angiograms. The location and center of edema in relation to the tumor surface was estimated from the CT scans. The spatial relationship of both was rated on a scale from 0 to 4 ( Fig. 1 left) . Tumor and edema volumes were approximated from the CT scans: the maximum perpendicular diameters (a,b) were measured on the axial images and the extent, in coronal direction (c), was estimated from the number of axial images displaying the structure multiplied by the slice thickness. The resulting volume of tumor and edema was then approximated using the formula for a spheroid:
The relation of PTBE and tumor volume, edema index (EI), was defined as resulting in 1, when no edema is present.
Statistical Analysis
Edema indices and frequency of pial blush were statistically evaluated using the Wilcoxon test and the Fisher's exact test (chi-square test), respectively. All calculations were performed using a statistical analysis system (SAS System; SAS Institute Inc., Cary NC). 
RESULTS
Peritumoral Brain Edema and Vascular Tumor Supply
Forty-nine of 74 meningiomas demonstrated PTBE on CT scans. The presence of pial blush and PTBE was highly concordant (96%) (Fig. 2) , and only three cases (4%) presented with PTBE without any detectable pial blush. All of the cases with tumor blood supply through cerebral arteries were associated with edema. The EI values, that is, the ratio of edema size to tumor volume were higher in cases with predominantly pial supply (Fig. 3) . Meningiomas without pial blush had a small mean EI of 1.1. A minimal increase of pial blush to 10% of the total tumor volume resulted in an average increase of the mean EI to 2.2 (p < 0.0001). A further increase in pial blush to greater than or equal to 20% of total tumor volume produced a mean EI of 3.3 (p < 0.026). An EI above 20% showed no further positive correlation with pial blush. Notably, the tumor portions supplied through pial vessels were adjacent to the PTBE in 69.6% of the 46 meningiomas with pial blush (Fig. 1, Fig. 4) . In 19.6% of cases, the edema was either homogeneously distributed around the tumor or followed anatomical borders, whereas in only 8.7% of cases PTBE and pial areas were scattered. 
Tumor Size and Peritumoral Brain Edema
For small tumors (<15 cm 3 ) the mean EI was significantly smaller than for midsized tumors (15-30 cm 3 ) (Fig. 5) . The mean EI was smaller than expected, because the majority of small meningiomas had no detectable edema. However, four of 21 small tumors presented with edema (mean EI = 4.9). Two of these cases had a significantly large EI greater than 2; maximum EI = 13.85; both of these meningiomas were associated with pial blush. On the other hand, two of 15 large tumors (> 75 cm 3 ) had no edema and these meningiomas did not reveal any pial blush. Larger tumors showed a simultaneous increase in frequency of edema and pial blush (Fig. 6 ). 
Tumor Histology and Peritumoral Brain Edema
The mean EI correlated with WHO Grades I to III as well as with the subsets of WHO Grade I tumors (meningotheliomatous, transitional, fibroblastic, other). We found a significantly different EI (p < 0.007) in WHO Grade I (mean EI = 1.9) and III (mean EI = 3.4) meningiomas. Because of the small number of cases (only five), WHO Grade II tumors could not be sufficiently evaluated. The mean EIs of transitional (2.7) and fibroblastic (1.3) tumors in the WHO Grade I group were significantly different (p < 0.04). The tumor pial blush and the EI correlated within groups of tumors in the same WHO grade. The WHO Grade III tumors were more frequently associated with pial blush (91.7%) than the WHO Grade I tumors (57.9%; p < 0.05). In different histological subtypes, the average EI and the incidence of pial blush showed a high correlation with subtypes (r = 0.97; Fig. 7) . Six of 12 WHO Grade III tumors with both edema and pial blush had infiltrated the brain parenchyma.
DISCUSSION
In the present study, we found a qualitative and quantitative correlation between pial blush and PTBE in meningiomas, as evaluated by CT and angiography studies.
The exact pathogenesis of meningioma-associated brain edema is still unknown. However, currently it is widely accepted that the cause of edema is vasogenic rather than cytotoxic. Electron microscopic investigations have revealed similarities between meningioma-associated edema and the experimentally induced vasogenic edema of gliomas. [10] The vasogenic edema in gliomas, as well as cerebral metastases, is related to a disruption of the blood-brain barrier, which permits edema-inducing macromolecules to enter the white matter. Vasogenic edema is more difficult to conceptualize, because meningiomas grow primarily in extracerebral spaces, separated from the brain tissue by the arachnoid, the subarachnoid space, and the pia.
Our study shows that "intrinsic" cerebral arteries may play a significant role in the pathogenesis of meningioma-associated edema. Pial blush in the tumor strongly correlated with the evolution of the edema. This line of reasoning is supported by a case report that demonstrated PTBE in a bifrontal meningioma located adjacent to the area of pial blush.
[1] Inamura and colleagues [15] recently reported that EI in meningiomas correlated with the occurrence of pial vascularization.
The present study demonstrates that PTBE is significantly related to the degree of pial blood supply and location of pial blush. Although meningiomas displaying small pial blush can induce an edema, the PTBE tends to be smaller compared to tumors with a larger pial supply. Thus, the development of pial supply in meningiomas may be an important step in the genesis of tumor edema. We found a significant correlation between the center of pial blush at the tumor surface and the location of the perifocal edema. This suggests that the edema is either expressed or generated at the tumor surface with high pial supply. The findings of Salpietro and colleagues [24] support this concept. They noted intraoperatively a high incidence of vessels crossing the brain-tumor interface in meningiomas associated with PTBE.
The controversy about the importance of tumor size [5, 6, 10, 11, 15, 21, 24] and histology [4] [5] [6] [7] [9] [10] [11] 15, 23, 25, 27] for the genesis of edema has been debated. Our results show that high grade meningiomas (WHO Grade III) with large perifocal edema are also frequently associated with pial supply. On the other hand, tumors with a small amount of edema, such as fibromatous meningioma, are only rarely associated with pial blood supply. Two types of tumors are of particular interest for their pathophysiology: small tumors with a large amount of edema and large tumors with no edema. The lack of pial blood supply in large tumors and the prevailing pial supply in small tumors, in our group of patients, may be the explanation for such extreme cases.
The pial supply of meningiomas reflects the close spatial relationship between the tumor surface and the adjacent brain parenchyma. The arachnoid, which serves as a physiological barrier between the brain and extraaxial structures such as the meningioma, is either penetrated by the cerebral vessels or infiltrated by the tumor; this is similar to some of our WHO Grade III cases. A recently published study demonstrated a strong correlation between the adherence of the tumor to the surrounding brain tissue and the occurrence of edema. [14] Those adherent regions of the tumor showed a disruption of the arachnoid. An intact leptomeninx facilitates only a minimal passage of edema-inducing macromolecules. However, in meningioma tissue the vascular permeability is significantly increased as shown by fluorescence and electron microscopy. [18] Macromolecules enter the interstitium of the meningioma through open gap junctions and fenestrations in the endothelium of capillaries. If the continuity of pia and arachnoid are also impaired, edema-inducing substances and macromolecules may enter the brain tissue.
Angiogeneic factors may be important in the development of blood supply to meningiomas. Vascular endothelial growth factor permeability factor effects the vascularization of meningiomas and other tumors. [3] Moreover, PTBE seems to correlate with the expression of this factor in gliomas as well as in meningiomas. [3, 29] Dvorak and coworkers [8] found that vascular endothelial growth factor permeability factor is synthesized in tumor cells and accumulates in the endothelium of tumor vessels. Secretion of these angiogeneic factors into tumor-surrounding region may explain the development of pial blood supply. In addition, these factors may increase the permeability of cerebral vessels, thus facilitating the diffusion of edema-inducing macromolecules into the tumor region.
CONCLUSIONS
Our study demonstrates the significance of tumor blood supply through pial arteries for the development of PTBE in meningiomas. We found a close spatial relationship between the center of edema and the location of pial blush. Edema size correlated with pial supply in certain subsets of meningiomas that were classified according to their size and histology.
